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Current Status of the LHC

In 2011, the LHC experiments have been collecting data at an 
astounding rate -- over 2/fb already and growing!



Current Status of the LHC

So far, no signs of supersymmetry...
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Current Status of the LHC
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Today’s Talk

• In today’s talk, I will take you on a guided tour of the latest SUSY 
searches from the LHC.

• We will focus on their implications for model-independent low-
scale SUSY-breaking scenarios (general gauge mediation).

• As we’ll see, studying signatures of GGM naturally leads one to 
consider most (all?) of the LHC SUSY searches 
-- GGM as a “signature generating machine”

• GGM provides a nice unifying framework with which to 
understand all the different LHC results!
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Rumors of SUSY’s demise are greatly exaggerated.



Gauge Mediation

• Gauge mediation is a very attractive scenario for the MSSM:

• Solves SUSY flavor problem

• Calculable framework

• Recently, a model-independent framework for GMSB was 
formulated, and the full parameter space was understood:

• “General Gauge Mediation” (Meade, Seiberg & DS; Buican, Meade, Seiberg & DS)

• LHC searches are now being designed with GGM in mind!

Hidden sector
SUSY+...

SU(3)xSU(2)xU(1)

Visible sector:
MSSM+...



The NLSP

• Gravitino LSP is a universal prediction of gauge mediation 
models:

• Lightest MSSM sparticle becomes the next-to-lightest 
superpartner (NLSP).  

m3/2 =
F√
3Mpl

(∼ eV −GeV)

..
.{MSSM

gravitino LSP

NLSP



NLSP Collider Signatures

• In gauge mediation, the NLSP type largely determines the inclusive 
collider signatures.

• NLSP decays to the gravitino plus its SM partner. 

• Decays can be prompt or delayed:

• All SUSY cascade decays pass through the NLSP.

• So all events contain:

• high pT objects determined by the NLSP type

• missing energy

Gravitino and collider pheno

Gauge mediation predicts a light gravitino.

m3/2 =
�F �√
3Mp

where
�
�F � ∼ 104 to 1011 GeV.

The NLSP decays to the gravitino and its superpartner.

ΓNLSP =
m5

NLSP

16πF 2
= (0.1 mm)−1 ×

� mNLSP

100 GeV

�5
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F
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The identity of the NLSP and its lifetime define the collider
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Will focus on prompt case today, to 
make contact with the bulk of the 

LHC SUSY searches.



• NLSP can be (almost) anything in the MSSM

• neutralino (bino, wino, Higgsinos)

• slepton (right-handed slepton, sneutrino)

• gluino, squark (1st/2nd generation)

• sbottoms, stops

• By considering all possible NLSP decays, can obtain a huge number of 
different final states!

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) u ũ∗
R u†

R ( 3, 1, −2
3)

d d̃∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e ẽ∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) ( 1, 2 , −1
2)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

completely different reason: because of the structure of supersymmetric theories, only a Y = 1/2 Higgs
chiral supermultiplet can have the Yukawa couplings necessary to give masses to charge +2/3 up-type
quarks (up, charm, top), and only a Y = −1/2 Higgs can have the Yukawa couplings necessary to give
masses to charge −1/3 down-type quarks (down, strange, bottom) and to the charged leptons. We
will call the SU(2)L-doublet complex scalar fields with Y = 1/2 and Y = −1/2 by the names Hu and
Hd, respectively.† The weak isospin components of Hu with T3 = (1/2, −1/2) have electric charges
1, 0 respectively, and are denoted (H+

u , H0
u). Similarly, the SU(2)L-doublet complex scalar Hd has

T3 = (1/2, −1/2) components (H0
d , H−

d ). The neutral scalar that corresponds to the physical Standard
Model Higgs boson is in a linear combination of H0

u and H0
d ; we will discuss this further in section 7.1.

The generic nomenclature for a spin-1/2 superpartner is to append “-ino” to the name of the Standard
Model particle, so the fermionic partners of the Higgs scalars are called higgsinos. They are denoted
by H̃u, H̃d for the SU(2)L-doublet left-handed Weyl spinor fields, with weak isospin components H̃+

u ,
H̃0

u and H̃0
d , H̃−

d .
We have now found all of the chiral supermultiplets of a minimal phenomenologically viable exten-

sion of the Standard Model. They are summarized in Table 1.1, classified according to their transfor-
mation properties under the Standard Model gauge group SU(3)C ×SU(2)L ×U(1)Y , which combines
uL, dL and ν, eL degrees of freedom into SU(2)L doublets. Here we follow a standard convention, that
all chiral supermultiplets are defined in terms of left-handed Weyl spinors, so that the conjugates of
the right-handed quarks and leptons (and their superpartners) appear in Table 1.1. This protocol for
defining chiral supermultiplets turns out to be very useful for constructing supersymmetric Lagrangi-
ans, as we will see in section 3. It is also useful to have a symbol for each of the chiral supermultiplets
as a whole; these are indicated in the second column of Table 1.1. Thus, for example, Q stands for
the SU(2)L-doublet chiral supermultiplet containing ũL, uL (with weak isospin component T3 = 1/2),

and d̃L, dL (with T3 = −1/2), while u stands for the SU(2)L-singlet supermultiplet containing ũ∗
R, u†

R.
There are three families for each of the quark and lepton supermultiplets, Table 1.1 lists the first-family
representatives. A family index i = 1, 2, 3 can be affixed to the chiral supermultiplet names (Qi, ui, . . .)
when needed, for example (e1, e2, e3) = (e, µ, τ). The bar on u, d, e fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hd (containing H0
d , H−

d , H̃0
d , H̃−

d ) has exactly the same Standard
Model gauge quantum numbers as the left-handed sleptons and leptons Li, for example (ν̃, ẽL, ν,
eL). Naively, one might therefore suppose that we could have been more economical in our assignment

†Other notations in the literature have H1, H2 or H,H instead of Hu, Hd. The notation used here has the virtue of
making it easy to remember which Higgs VEVs gives masses to which type of quarks.
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Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g ( 8, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

bino, B boson B̃0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [5], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)C color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and g̃ respectively. The electroweak gauge symmetry SU(2)L ×U(1)Y is
associated with spin-1 gauge bosons W+,W 0,W− and B0, with spin-1/2 superpartners W̃+, W̃ 0, W̃−

and B̃0, called winos and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates
mix to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of W̃ 0 and B̃0 are called
zino (Z̃0) and photino (γ̃); if supersymmetry were unbroken, they would be mass eigenstates with
masses mZ and 0. Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric
extension of the Standard Model.

The chiral and gauge supermultiplets in Tables 1.1 and 1.2 make up the particle content of the
Minimal Supersymmetric Standard Model (MSSM). The most obvious and interesting feature of this
theory is that none of the superpartners of the Standard Model particles has been discovered as of
this writing. If supersymmetry were unbroken, then there would have to be selectrons ẽL and ẽR with
masses exactly equal to me = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Λ2

UV) pieces of eqs. (1.2) and (1.3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example λS = |λf |2).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section 3. In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.‡ Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then

‡A simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.

9

NLSP Collider Signatures



The rest of the talk

• In the rest of the talk, I will give a quick overview of 
the current LHC searches, as seen through the lens of 
GGM. 

• Our modus operandi: 

• Simulate signal events using public codes for spectrum generation 
(SoftSUSY and SDECAY), process generation (Pythia), jet 
clustering (FastJet), and NLO cross sections (Prospino).

• Filter through homemade detector simulation (basic geometric 
acceptance, lepton isolation). 

• Validate on benchmark model points / grids provided by public 
experimental references. 

• Using experimentally-estimated backgrounds, derive limits on 
“simplified” GMSB scenarios (minimal spectra for production and 
decay).

..
.

g̃ or q̃

rest of the MSSM

NLSP



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET



Gluino/Squark NLSP

• Decays directly to quark+gravitino and gluon+gravitino

• Rest of the spectrum becomes irrelevant.  Can set limits on NLSP 
mass directly.

g̃

g

G̃ G̃

q

q̃

..
.

g̃ or q̃

rest of the MSSM



I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Results

• No discrepancy with respect to SM predictions.

• The result is interpreted as a 95% CL exclusion limit on effective cross sections 
using a  profile likelihood ratio approach following the CLs prescriptions.

• Analysis giving best expected limit used in each point.
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excluded σx 
acc (fb)

24 30 477 32 17

Saturday, July 23, 2011

• jets+MET is the granddaddy of all SUSY searches. 

• It constrains GMSB with squark/gluino NLSP, and GMSB with 
colored production more generally.

• Latest search with 1/fb by ATLAS (I. Vivarelli, EPS 2011 talk)

Gluino/Squark NLSP



Gluino/Squark NLSP
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• Comments:

• Interesting diffs between gluino & squark NLSP due to g vs q fragmentation 

• Nevertheless, best limits are comparable: mNLSP > 700 GeV

• Nature is probably not a promptly-decaying gluino or squark NLSP!



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 
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• Hadronic:
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Bino NLSP
• Bino NLSP occurs in Minimal Gauge Mediation, and gives rise to 

the most well-known GMSB signature: γγ+MET

• Latest search by CMS with 1.1/fb (SUS-11-009)

• Selection

• >= 2 photons with pT>45, 30

• >= 1 jet with pT>30

• MET>100 GeV

• 0 events observed, 0.1±0.04 expected

g̃ q̃(∗)

q q γ

G̃

B̃

4 The ATLAS Collaboration: Search for Diphoton Events with Emiss
T with the ATLAS Detector

8 Background estimation

Guided by the procedure developed in Ref. [24], the num-
ber of large Emiss

T diphoton events from SM sources can be
grouped into two primary components and estimated with
dedicated control samples. The first of these components,
referred to as QCD background, arises from a mixture of
SM processes that include γγ production as well as γ +
jet and multijet events with at least one jet misidentified
as a photon. The second background component is due
to W + X and tt̄ events, for which final-state neutrinos
produce significant Emiss

T . These can pass the selection if
an electron from the W or t-quark decay is misidentified
as a photon and the second photon is either a real photon
(Wγ events), a jet faking a photon (W + jets events), or
a jet or second electron faking a photon (tt̄ events).

In order to estimate the QCD background from γ +
jet and multijet events, an independent “QCDγ” control
sample, designed to provide a model of the Emiss

T response
for events with jets faking photons, was defined by se-
lecting events for which at least one of the photon can-
didates did not pass the tight photon identification. The
background from QCD events producing two prompt pho-
tons was modeled using the Emiss

T spectrum measured in
a high-purity sample of Z → ee events, with no addi-
tional jets, selected by requiring two electrons [44] with
ET > 30GeV and ET > 20GeV, respectively. Both elec-
trons are required to have |η| < 2.47, excluding the tran-
sition region 1.37 < |η| < 1.52. In addition, the dielectron
invariant mass was required to be consistent with the Z
mass. As confirmed by MC simulation, the Emiss

T spec-
trum of the Z → ee sample with no additional jets, which
is dominated by the calorimeter response to two genuine
EM objects, accurately represents the Emiss

T response of
SM γγ events.

The QCD background is the dominant source of ob-
served γγ events at low Emiss

T and its spectrum, which
contains a mixture of events with zero, one or two prompt
photons, is expected to lie between the spectra from the
QCDγ and Z → ee control samples. The Emiss

T spectrum
of the QCDγ control sample, which provides the best de-
scription of the Emiss

T spectrum at low Emiss
T , was chosen

to model the composite QCD background. The difference
between this estimate and that derived from the Z → ee
template was used to provide an estimate of the system-
atic uncertainty on the resulting background prediction.
The QCD background was normalised to have the same
number of events as the γγ candidate sample in the re-
gion Emiss

T < 20GeV, where contributions from events
with genuine Emiss

T , such as W +X and tt̄ events, can be
neglected. It should be noted that a possible background
contribution from Z+X events, with the Z boson decaying
to neutrinos, would be incorporated within this estimate
of the QCD background, since it would enter the signal
region through the misidentification of jets as photons.

The QCDγ template has one event with Emiss
T greater

than 125GeV, whereas the Z → ee template has none.
Taking into account the expected ratio of events in the
control region to those in the signal region, this leads to
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Fig. 2. Emiss
T spectra of the γγ candidates (points, statistical

uncertainty only) and estimated background from the QCD
(normalised to the number of γγ candidates with Emiss

T <
20GeV) and W (→ eν) + jets/γ and tt̄(→ eν) + jets sources,
together with the spectra from simulated GGM (mg̃/mχ̃0

1
=

600/300GeV) and UED (1/R = 900GeV) samples.

a QCD background prediction of 0.034 ± 0.034(stat) ±
0.034(syst) events. The QCDγ Emiss

T spectrum is shown
together with the γγ sample in Fig. 2.

The second significant background contribution, from
W + X and tt̄ events, was estimated via an “electron-
photon” control sample composed of events with both a
photon and an electron with ET > 20GeV, with the ad-
ditional requirement that either the electron or photon
has ET > 30GeV, and scaled by the probability for an
electron to be misidentified as a tight photon, as deter-
mined from the Z → ee sample. The misidentification
probability with the selection cuts used in this analysis
varies between 5% and 12% as a function of η, since it
depends on the amount of material in the inner detec-
tor. The Emiss

T spectrum for this control sample is shown
in Fig. 3, compared to the expected contributions from
various background sources. The electron-photon control
sample has a significant contribution from Z → ee events,
for which one electron fakes a photon, and from QCD.
Both of these contributions must be subtracted in order
to predict the contribution to the Emiss

T distribution from
events with genuine Emiss

T , such as W +X and tt̄ events.
The contribution from QCD and Z → ee events was es-
timated by normalizing the QCDγ Emiss

T distribution to
the scaled electron-photon Emiss

T distribution in the region
Emiss

T < 20GeV, as shown in Fig. 3. This distribution was
then subtracted from the scaled electron-photon control
sample, yielding a prediction for the contribution to the
high-Emiss

T diphoton sample from W + X and tt̄ events.
For Emiss

T > 30GeV, the sample is dominated by events
with genuine Emiss

T and electrons from W → eν.
No events with Emiss

T > 125GeV were observed in the
electron-photon control sample; taking into account the
measured electron-to-photon misidentification rate, this



Bino NLSP
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background contribution, and θ the systematic uncertain-
ties. The PS function is a Poisson probability distribution
for the number of signal-region events and CSyst repre-
sents the constraints on systematic uncertainties, which
are treated as nuisance parameters with a Gaussian prob-
ability density. The one-sided exclusion p-values were ob-
tained using the test statistic Λ(s) distribution from pseu-
do-experiments, and the CLs method was used to exclude
possible contributions from the signal [49].

The number of events in the signal region from any
scenario of physics beyond the SM (BSM) was found to
be less than 3.0 at 95% CL. This number corresponds to
95% CL upper limits on production cross sections of σ <
0.38 − 0.65 pb in the GGM model (mχ̃0

1
=150GeV, mg̃ =

400− 800GeV) and σ < 0.18− 0.23 pb in the UED model
(1/R = 700− 1200GeV), shown as a function of 1/R for
the case of the UED model in Fig. 4. These upper limits
on cross section include systematic uncertainties on the
background estimation, event selection and the luminosity.

These results can be interpreted in terms of 95% CL
exclusion limits on specific parameters of the two new
physics models considered. Figure 4 depicts the lower limit
on the curvature parameter 1/R in the context of the UED
model considered. The observed (expected) 95% CL ex-
clusion region is 1/R < 961GeV (1/R < 961GeV). Fig-
ure 5 shows the expected and observed lower limit on
the GGM gluino mass as a function of the neutralino
mass, with all other sparticle masses, e.g. squarks, set to
∼ 1.5TeV. In addition to the experimental systematic un-
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Fig. 4. Expected and observed 95% CL upper limits on the
UED production cross section, and the LO theory cross section
prediction, as a function of 1/R. The observed limit, the ±1σ
expected error bands and the −2σ expected error band are de-
generate with the expected limit. The UED model parameters
are N = 6, MD = 5TeV and ΛR = 20.
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Fig. 5. Expected and observed 95% CL lower limits on the
gluino mass as a function of the neutralino mass in the GGM
model with a bino-like lightest neutralino as NLSP (the grey
area indicates the region where the NLSP is the gluino, which
was not considered here). The other sparticle masses are fixed
to ∼ 1.5TeV. Further model parameters are tanβ = 2 and
cτNLSP < 0.1mm. The observed limit and the −1σ expected
error band are degenerate with the expected limit. CMS lower
limits are from Ref. [26].

certainties, the limit also takes into account theoretical
uncertainty on the production cross section. The limit de-
pends only weakly on the neutralino mass, and a lower ob-
served (expected) gluino mass limit of 560GeV (560GeV)
is obtained for neutralino masses above 50GeV. For com-
parison the lower limits from CMS [26] on the gluino mass
for neutralino masses of 50, 175 and 500GeV are shown
in the same figure.

The limits presented here, obtained with all squark
masses set to ∼ 1.5TeV, are conservative, since values
of other strongly-charged sparticle (squark) masses that
lie close to the excluded gluino mass increase the cross
section for pair production of coloured SUSY particles,
leading to a more stringent bounds on the gluino mass.
The impact of variations in the systematic uncertainty is
small: the observed limits change by less than 2GeV if
the magnitude of the systematic uncertainty is allowed to
approach 0.

11 Conclusions

A search for γγ events with large Emiss
T , conducted using

a 36 pb−1 sample of 7TeV pp collision data recorded with
the ATLAS detector at the LHC, found no evidence of
an excess above the SM expectation: zero events were ob-
served with an expected background of 0.10±0.04(stat)±
0.05(syst). The results were used to set a model-indepen-
dent 95% CL upper limit of 3.0 events on the observed
number of diphoton events from new physics in the re-
gion Emiss

T > 125GeV. 95% CL upper limits were also set
on the production cross section for two particular models
of new physics: σ < 0.38 − 0.65 pb for the GGM model

How does this compare with jets+MET?

CMS and ATLAS are now expressing their results in GGM-motivated 
simplified parameter spaces! (Ruderman & DS)
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Bino NLSP

Not surprisingly, γγ+MET easily beats jets+MET, for Bino NLSP.
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Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET

✓
✓

✓

✓

✓



Z-rich Higgsino NLSPs

• If the NLSP is a Higgsino which decays primarily to Z’s, 
Z(ll)+jets+MET is the ideal search channel. 
(Matchev & Thomas; Meade, Reece & DS; Ruderman & DS)

• Latest search by CMS with 0.98/fb (CMS-PAS-SUS-11-017)
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opposite sign, same flavor leptons with pT > 20 GeV and |η| < 2.5 whose invariant mass is

consistent with a Z. We also require two generator level jets with pT > 30 GeV and |η| < 3

separated by ∆R > 0.4 from any lepton passing the above selection. Generator level Emiss

T
is

the vector sum of the transverse momenta of the invisible neutrinos and SUSY particles, and

generator Emiss

T
is required to be greater than the signal region Emiss

T
requirement. The efficiency

is defined with respect to events passing this acceptance selection. We place CLS 95% CL upper

limits on the quantity σ × A and compare these limits to the expected values of this quantity

for the LM points chosen. The results are summarized in Table 3, which shows that LM4 is

ruled out.

10 Additional Information for Model Testing
Other models of new physics in the dilepton final state can be confronted in an approximate

way by simple generator-level studies that compare the expected number of events in 0.98 fb−1

with the upper limits from Section 9. The key ingredients of such studies are the kinematic

requirements described in this note, the lepton efficiencies, and the detector responses for Emiss

T
.

The trigger efficiencies for events containing ee, eµ or µµ lepton pairs are 100%, 95%, and 90%,

respectively. The muon identification efficiency is ≈ 91%; the electron identification efficiency

varies approximately linearly from ≈ 85% at pT = 20 GeV/c to 93% for pT > 60 GeV/c. The

lepton isolation efficiency depends on the lepton momentum, as well as on the jet activity in the

event. In tt̄ events, it varies approximately linearly from ≈ 85% (muons) and ≈ 88% (electrons)

at pT = 20 GeV/c to ≈ 97% for pT > 60 GeV/c. In LM4 (LM8) events, this efficiency is decreased

by ≈5% (≈10%) over the whole momentum spectrum. The average detector responses (the

reconstructed quantity divided by the generated quantity) for Emiss

T
is consistent with 1 within

the 7.5% jet energy scale uncertainty. The experimental resolution on this quantity is 12%.

8 10 Additional Information for Model Testing

Table 2: Summary of the yields in the regions Emiss
T > 30, 60, 100 and 200 GeV. The total

predicted background is the sum of the Z plus jets yield predicted from the Emiss
T templates

method (Z prediction) plus the tt contribution predicted from OF subtraction (tt prediction).
Here the first uncertainty is statistical, the second uncertainty is systematic. For the observed
yield, the first (second) number in parentheses is the yield in the ee (µµ) final state. The CLS 95%
CL UL on the non-SM yield is indicated, as well as the expected NLO yields for the LM4 and
LM8 scenarios, including the uncertainties from lepton identification and isolation efficiency,
trigger efficiency, hadronic energy scale, and integrated luminosity.

Emiss
T > 30 GeV Emiss

T > 60 GeV Emiss
T > 100 GeV Emiss

T > 200 GeV
Z Pred 2060.3 ± 29.1 ± 309.1 60.8 ± 4.1 ± 9.1 5.1 ± 1.0 ± 0.8 0.09 ± 0.04 ± 0.01
tt Pred 246.6 ± 6.3 ± 22.2 152.5 ± 4.9 ± 13.7 50.6 ± 2.8 ± 4.6 3.2 ± 0.7 ± 0.3
Prediction 2306.9 ± 29.7 ± 309.9 213.0 ± 6.4 ± 16.5 55.7 ± 3.0 ± 4.6 3.3 ± 0.7 ± 0.3
Data 2287 (1145,1142) 206 (114,92) 57 (25,32) 4 (1,3)
UL 498 37 20 5.9
LM4 25.4 ± 1.9 22.9 ± 1.8 20.1 ± 1.7 12.3 ± 1.7
LM8 11.8 ± 0.9 10.7 ± 0.8 8.7 ± 0.8 5.0 ± 0.7

Table 3: Summary of model dependent limits. Included are efficiencies, efficiency uncertainties
(hadronic energy scale, dilepton selection, and trigger uncertainties), and upper limits on σ× A
for the tight (Emiss

T > 200 GeV, top) and loose (Emiss
T > 100 GeV, bottom) signal regions. We also

show the quantity σ × A for LM4 and LM8.

Emiss
T > 200 GeV efficiency (%) acceptance (%) UL(σ × A) (fb) σ × A(fb)

LM4 50 ± 6 0.84 13 23
LM8 43 ± 5 0.98 15 11

Emiss
T > 100 GeV efficiency (%) acceptance (%) UL(σ × A) (fb) σ × A(fb)

LM4 53 ± 3 1.4 39 37
LM8 44 ± 3 1.7 47 19
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Z-rich Higgsino NLSP
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Cannot yet see direct Higgsino production. 
Might need softer cuts plus more data.
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Z+jets+MET is more robust than jets+MET, 
since it is more inclusive for this NLSP type.

Cannot yet see direct Higgsino production. 
Might need softer cuts plus more data.



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET

✓
✓

✓

✓

✓
✓

✓



h-rich Higgsino NLSP
• Higgsino NLSP can also decay primarily to h’s. Then bjets+MET is 

a relevant final state.

• Latest search by ATLAS with 0.83/fb (ATLAS-CONF-2011-098)

H̃g̃ q̃(∗)

q q

G̃

h

Sig. Reg. Data (0.83 fb−1) Top W/Z QCD Total
3JA (1 btag meff >500 GeV) 361 221+82

−68 121±61 15±7 356+103
−92

3JB (1 btag meff >700 GeV) 63 37+15
−12 31±19 1.9±0.9 70+24

−22
3JC (2 btag meff >500 GeV) 76 55+25

−22 20±12 3.6±1.8 79+28
−25

3JD (2 btag meff >700 GeV) 12 7.8+3.5
−2.9 5±4 0.5±0.3 13.0+5.6

−5.2

Table 2: Summary observed and expected event yields in the four signal regions. The QCD
prediction is based on the jet smearing method described in the text. Systematic uncertainties
for the Standard Model predictions are given.

translated into 95% C.L. upper limits on contributions from new physics. Limits are derived
using the CLs [41] method, while the power constrained limit (PCL) [42] method is used for
comparison with previous ATLAS results. Upper limits at 95% C.L. on the number of signal
events are converted into model-independent 95% C.L. upper limits on the effective cross sec-
tions for new processes. The results in Table 3 show that the region 3JD provides the most
stringent effective cross section upper limit of 17 fb.

Sig. Reg. 95% C.L. N events 95% C.L. !e f f (pb)

CLs (PCL) CLs (PCL)
3JA (1 btag meff >500 GeV) 240 (206) 0.288 (0.247)

3JB (1 btag meff >700 GeV) 51 (40) 0.061 (0.048)

3JC (2 btag meff >500 GeV) 65 (53) 0.078 (0.064)

3JD (2 btag meff >700 GeV) 14 (11) 0.017 (0.014)

Table 3: 95% C.L. upper limits on the non-SM contributions to the four signal regions. The
corresponding PCL limits are given in parenthesis. Limits are given on the number of signal
events and in terms of effective cross sections. The systematic uncertainties on the SM back-
ground estimation discussed in Section 5 are included.

The results are also interpreted in terms of 95% C.L. exclusion limits for several SUSY sce-
narios. In Figure 4 the observed and expected exclusion regions are shown in the (mg̃,mb̃1

) plane

for the hypothesis that the lightest squark b̃1 is produced via gluino-mediated or direct pair
production and decays exclusively via b̃1 → b"̃01 . The NLO cross sections are calculated using
PROSPINO. For each scenario, the signal region resulting in the best expected exclusion limit
is used: the selection 3JD provides the best sensitivity in most cases. If #M(g̃− b̃1) < 100 GeV,
signal regions with 1 b-tag are preferred, due to the lower number of expected b-jets above pT
thresholds. The regions 3JA and 3JB provide the best sensitivity when mg̃ # mb̃1

and sbottom

pair production dominates. All systematic uncertainties on the signal and background con-
tributions are taken into account in these limits and include the fully correlated detector-type
uncertainties (JES, b-tagging, trigger, pile-up effects, luminosity) as well as the theoretical un-
certainties on the signal (Renormalization/Factorization scale and PDF). Gluino masses below
720 GeV are excluded for sbottom masses up to 600 GeV. The exclusion is less stringent in the
region with low #M(g̃− b̃1), where low EmissT is expected. This search extends the previous AT-
LAS exclusion limit in the same scenario by about 130 GeV (180 GeV if using the same limit
setting procedure).
Results are also interpreted in the context of simplified models. In this case, all the squarks

8



h-rich Higgsino NLSP
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In this case jets+MET actually does better than the more 
specialized bjets+MET. 

Mainly due to huge systematic errors in b-tagging.  Will this 
be improved with more data?

 



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET

✓
✓

✓

✓

✓
✓

✓

✓

✓



Wino co-NLSP

• Finally, for neutralino NLSPs, the last scenario is “Wino co-NLSP” 
(Meade, Reece & DS; Ruderman & DS)

• Here the co-NLSPs are a very degenerate wino-like chargino and 
neutralino.

• Many interesting final states to consider!

G̃

W̃ 0

γ, Z

W̃±

W±

G̃

• jets+MET

• l+jets+MET

• Z+jets+MET

First dedicated analysis 
by CMS with 0.035/fb 
(1105.3152). (Initiated by 
discussions with Rutgers 
experimentalists!) 

• γ+l+MET

• γγ+MET

• γ+jets+MET



Wino co-NLSP
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With 1/fb, lγ+MET could start to see direct wino production!



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET
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Slepton co-NLSP

• Finally, we come to the slepton (co-)NLSP scenario.

• Here SS dileptons+MET and multileptons+MET can have amazing 
sensitivity (Ruderman & DS)
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g

B̃(∗)
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Slepton co-NLSP

12 8 Results

Table 2: Observed number of events in data compared to the predicted background yields

for the inclusive dilepton search regions. The net predicted yields, differing in estimates of the

fake lepton contributions using methods (A1), and (B), are shown separately. The uncertainties

include the statistical and systematic components added in quadrature. The last column (95%

CL UL yield) represents observed upper limits on event yields from new physics.

Search region ee µµ eµ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background by (B) 0.2 ± 0.1 0.9 ± 0.3 0.9 ± 0.3 2.0 ± 0.7

Predicted background by (A1) 0.4 ± 0.4 1.2 ± 0.8 0.7 ± 0.4 2.3 ± 1.2

Observed 0 1 0 1 3.7

Region 2 (400/50)

Predicted background by (B) 1.0 ± 0.4 2.3 ± 0.7 3.0 ± 1.0 6.2 ± 2.2

Predicted background by (A1) 1.3 ± 0.7 2.5 ± 1.5 1.4 ± 0.7 5.3 ± 2.4

Observed 1 4 2 7 8.9

Region 3 (200/120)

Predicted background by (B) 0.8 ± 0.4 3.6 ± 1.3 3.4 ± 1.3 7.8 ± 2.9

Predicted background by (A1) 1.5 ± 0.9 3.0 ± 1.6 2.1 ± 1.0 6.6 ± 2.9

Observed 0 4 2 6 7.3

Table 3: Observed number of events in data compared to the predicted background yields for

the high-pT search regions. The net predicted yields, differing in estimates of the fake lepton

contributions using methods (A1), and (A2), are shown separately. The uncertainties include

the statistical and systematic components added in quadrature. The last column (95% CL UL

yield) represents observed upper limits on event yields from new physics.

Search Region ee µµ eµ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background by (A1) 0.4 ± 0.3 0.4 ± 0.3 0.7 ± 0.4 1.4 ± 0.7

Predicted background by (A2) 0.7 ± 0.5 0.4 ± 0.3 0.4 ± 0.3 1.4 ± 0.7

Observed 0 0 0 0 3.0

Region 2 (400/50)

Predicted background by (A1) 1.4 ± 0.8 1.3 ± 0.8 1.3 ± 0.6 4.0 ± 1.7

Predicted background by (A2) 1.5 ± 0.8 0.8 ± 0.4 1.0 ± 0.5 3.3 ± 1.2

Observed 1 2 2 5 7.5

Region 3 (200/120)

Predicted background by (A1) 1.2 ± 0.7 1.5 ± 0.8 1.8 ± 0.8 4.5 ± 1.9

Predicted background by (A2) 1.3 ± 0.7 1.8 ± 0.8 1.8 ± 0.7 4.9 ± 1.8

Observed 0 2 1 3 5.2

Region 4 (80/100)

Predicted background by (A1) 2.5 ± 1.2 2.6 ± 1.2 4.9 ± 2.2 10 ± 4

Predicted background by (A2) 2.4 ± 1.0 3.6 ± 1.6 4.4 ± 1.6 10 ± 4

Observed 3 2 2 7 6.0

high pT baseline

13

Table 4: Observed number of events in data compared to the predicted background yields for

the τ dilepton search region. The uncertainties include the statistical and systematic components

added in quadrature. The last column (95% CL UL yield) represents the observed upper limit

on event yields from new physics.

Search Region eτ µτ ττ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background 1.1 ± 0.4 1.8 ± 1.4 0.0 ± 0.2 2.9 ± 1.7

Observed 1 2 0 3 5.8
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Figure 4: Summary of background predictions and observed yields in the search regions for

the inclusive and τ (left), and high-pT dilepton (right) selections. For the inclusive selections, the

results of method (B) are compared with those from method (A1) in the left and right bar for

each channel, respectively. For the high-pT selections, the results of method (A2) are compared

with those from method (A1) in the left and right bar for each channel, respectively. Predictions

for events with one and two fakes (prompt-fake and fake-fake), contributions from simulated

backgrounds (SS prompt-prompt), and those from events with a lepton charge misreconstruc-

tion (OS prompt-prompt) are reported separately.

tau baseline

• Latest SS dileptons search by CMS with 0.98/fb (CMS-PAS-SUS-11-010) 
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more squeezed spectra

Limit on flavor-democratic case 
extremely strong -- comparable 
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SS dileptons is a very clean and 
powerful channel!

(Would also be interesting to investigate 
bounds from multileptons+MET)



Our Checklist

• gluino

• squark 

• 1st/2nd generation

• sbottom

• stop 

• neutralino 

• bino

• Higgsino (Z-rich)

• Higgsino (h-rich)

• wino

• slepton

• flavor democratic

• tau rich

NLSP typesSUSY searches
• Hadronic:

• jets+MET

• b-jets+MET

• Leptons: 

• lepton+jets+MET

• Z+jets+MET

• SS dilepton+MET

• multileptons+MET

• Photons: 

• diphoton+MET

• lepton+photon+MET

• photon+jets+MET

✓
✓

✓
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✓
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✓

✓

✓
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Summary

• We have reviewed the current status of (most of) the LHC SUSY searches.

• GMSB with promptly decaying NLSPs is fairly well-covered. Generally, 
specalized searches for each NLSP type do better than jets+MET.

• Only moderate improvements over the Tevatron in several cases.

• Still no limits on EW production. Might need to optimize with softer cuts. 
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Future Directions

• Where the current searches are weakest:

• 3rd generation (taus, bottoms, and tops)

• Electroweak production

• Longer decay chains, squeezed spectra

• We have not discussed:

• Sbottom and stop NLSPs -- much weaker limits on direct production. Stop can 
even be lighter than the top! (Kats & Shih)

• Scenarios with long-lived NLSPs (detector stable or displaced decays). Detector 
stable case well-covered; displaced decays are still unexplored (!)

• Scenarios without MET such as R-parity violation



The End



Z+jets+MET

• Latest search by CMS with 0.98/fb (CMS-PAS-SUS-11-017)

• Selection:

• e+e- or μ+μ- with pT>20 GeV and 81 GeV < minv <101 GeV

• at least 2 jets with pT>30 GeV

• MET > 100 GeV or MET > 200 GeV (two signal regions)

• Main backgrounds from Z+jets and ttbar. 



bjets+MET

• Latest search by ATLAS with 0.83/fb (ATLAS-CONF-2011-098)

• Selection:

• >= 1 jet with pT > 130 GeV,  >= 2 additional jets with pT > 50 GeV

• MET > 130 GeV

• MET/Meff  > 0.25

• Δϕmin(jets,MET) > 0.4

• 4 signal regions: 1 or 2 btags, Meff > 500 or 700 GeV



SS dileptons

• Latest search by CMS with 0.98/fb (CMS-PAS-SUS-11-010) 

• Selection:

• At least one SS dilepton pair.  pT(electron) > 10 GeV,  pT(muon) > 5 GeV,  pT
(tau) > 15 GeV.  Minv(dilepton) > 5 GeV.

• At least two 2 jets with pT > 40 GeV

• MET > 30 GeV

• Z-veto with OS dilepton pairs

• Three “baseline selections”: 

• inclusive (HT>200, no tau)

• high-pT (pT1>20, pT2>10, no tau)

• tau (HT>350, MET>80, at least one tau)

• Four “search regions”: 

• HT>400, MET>120

• HT>200, MET>120

• HT>400, MET>50

• HT>80, MET>100


